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Abstract
This study described fabrication, characterization, and application of multilayer films based on layer-by-layer
assembly of ferrocene poly(ethylenimine) and gold nanoparticles. Assembly process of the multilayer film was
investigated by atomic force microscopy, UV-visible absorption spectroscopy and electrochemical impedance
spectroscopy. The multilayer films exhibited a pair of well-defined redox peaks as revealed by cyclic voltammetry, as
well as bifunctional and fine-tunable electrocatalysis for oxidation of ascorbic acid and reduction of oxygen. Both the
outer layer and layer number had effect on the electrocatalytic response. Electrocatalytic activity of the films could be
controlled with assemblies at the nanoscale level by simply adjusting deposition cycles or amount of component in the
films.
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1. Introduction
The layer-by-layer (LBL) assembly via alternate adsorption
of oppositely charged species on solid surfaces has made
great progress since developed by Decher [1, 2]. Each
adsorption step lead to formation of a continuous layer and
repeated deposition cycles yields a composite homogeneous
film [3]. LBL assembly is a flexible and universalmethod for
film assembly and deposition to fabricate multilayer thin
films [4]. Such method can achieve precise control over
structure properties of the film such as layer thickness and
film component at a molecular or nanometer level [5 – 8].
The highly ordered and nanocomposite assemblies by LBL
assembly have great appeal in electrochemistry and materi-
al chemistry [9 – 13].
Gold nanoparticles (AuNPs) have unique properties such
as high biocompatibility, good conductivity, special electron-
ic, optical and catalytic behaviors [14, 15]. AuNPs are ideal
candidates for nanoengineering of surfaces and fabrication of
functional nanostructures [16, 17]. Nanocomposites of
AuNPs have been extensively used for electrocatalysis and
biosensing [18 –22]. Based on the simplicity and versatility,
LBL assembly composed of AuNPs and polyelectrolyte has
been applied to fabricate nanostructures with controlled
architecture to study the formation and structure of the film
[23 –25]. On the other hand, electroactive polyelectrolyte
such as ferrocene-bearing polyelectrolyte has been assem-
bledwithbiomolecule byLBLassembly [26, 27]. Ferrocene is
widely used asmediator in electrochemical biosensor [28, 29]
and redox marker or indicator molecule in electrochemical
DNA hybridization [30, 31]. It is promising to prepare
functional nanostructures by combining properties ofAuNPs
and ferrocene-bearing polyelectrolyte byLBL assembly. The
composite multilayer may find practical applications in
bioanalytical and electrocatalytic applications.
This study presents LBL assembly of a redox active
ferrocene-bearing polyelectrolyte, namely ferrocene poly(-
ethylenimine) (Fc-PEI) and AuNPs for multifunctional
application. The formation and structure properties of the
multilayer films were investigated by atomic force micros-
copy,UV-visible absorption spectroscopy, and electrochem-
ical method. Cyclic voltammetric experiments showed that
Fc-PEI and AuNPs played major role in electrocatalyzing
oxidation of ascorbic acid and reduction of oxygen, respec-
tively. The prepared multilayer films had tunable electro-
catalytic properties for oxidation of ascorbic acid and
reduction of oxygen. Such polyelectrolyte/nanoparticle
assembly can be extended to construct other efficient,
controllable, and multi-functional materials.
2. Experimental
2.1. Chemicals
Poly(sodium 4-styrene-sulfonate) (PSS; 30 wt% solution in
water, MW 200000), poly(dimethyldiallylammonium chlo-
ride) (PDDA; 20 wt% in water,MW 200000 – 350000), and
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poly(ethylenimine) (MW 70 000) were purchased from
Aldrich. Sodium 3-mercapto-1-propanesulfonate (MPS)
was purchased from Sigma and used without further
purification. Ascorbic acid was obtained from Beijing
chemical reagent company. Fresh ascorbic acid solution
was prepared with pH 7.0 phosphate buffer solutions (PBS)
and stored in a refrigerator to minimize exposure to light
and air. The pH value of PBS was adjusted with 1/15 M Na2
HPO4 and 1/15 M NaH2PO4. Other reagents were of
analytical grade and used as received. All solutions were
prepared with doubly deionized water (Millipore, Bedford,
MA). Fc-PEI was synthesized similar to previous reports
[26, 32].AuNPs about 15 nmwere prepared by conventional
citrate reduction of HAuCl4 in water [33].
2.2. Construction of Multilayer Film Modified Gold
Electrode
The gold electrode was immersed in a freshly prepared
0.02 M MPS aqueous solution with 0.01 M H2SO4 for 2.5
hours, and then thoroughly rinsed with water. The MPS-
modified electrode was immersed in 2 mg/ml Fc-PEI
solution (contain 0.1 M NaCl in pH 5.0 PBS) and AuNPs
for 20 min successively. The assembly of Fc-PEI andAuNPs
was repeated for desired layers. The multilayer films were
denoted as (AuNPs/Fc-PEI)n and Fc-PEI(AuNPs/Fc-PEI)n
when the outer layer were AuNPs and Fc-PEI, respectively.
2.3. Instrumentation and Measurements
Cyclic voltammetric and amperometricmeasurements were
carried out in a conventional three-electrode cell with the
800B electrochemical workstation (CHI Inc., USA). The
working electrode was a gold disk electrode (1 mm in
diameter).AnAg/AgCl electrode and aPtwirewere used as
reference and counter electrode, respectively. Before elec-
trode modification, the working electrode was sonicated in
deionized water and dried in highly purified nitrogen
stream. The electrolyte for oxygen measurements was
saturated with oxygen. Electrochemical impedance spec-
troscopy was carried out on a Solartron 1255B Frequency
Response Analyzer and a Solartron 1470 Battery Test Unit
(Solartron Inc., UK). During the impedance analysis
2.5 mM K3[Fe(CN)6]/K4[Fe(CN)6] was used as a probe
(the solution containing 0.1 M KCl and 0.1 M pH 7.0 PBS),
and the direct current potential was set at 0.26 V.
Atomic force microscopy (AFM) characterization was
conducted in tapping-modewith standard silicon nitride tips
under ambient conditions (Nanoscope IIIa; Digital Instru-
ments, Inc.). The gold surface used in AFM measurements
was prepared by sputtering of gold on one side of a glass
slide. An underlayer of chromium was used to ensure
mechanical stability of the gold film. UV-visible spectra
were recorded on a Cary 500 UV-visible spectrometer
(Varian Co., USA). The absorbance of the assembly was
measured using indium-tin oxide electrode (ITO). The ITO
electrode was sonicated in acetone, 4% KOH in ethanol,
pure ethanol, and distilled water sequentially for 10 min to
get a negative surface. The treated ITO was first immersed
in a positively charged PDDA solution (2%), then in a
negatively charged PSS solution (2%) to make PDDA/PSS
modified ITO electrode. Finally, themodified electrode was
thoroughly washed with deionized water and used as
substrate for spectroscopy measurement. The multilayer
films were deposited on the substrate similarly to the
deposition procedure for cyclic voltammetricmeasurement.
3. Results and Discussion
3.1. Surface Morphology and Absorption Spectroscopy of
Multilayer Films
The surface morphology of the bilayers on gold substrate is
characterized byAFM. Figure 1A demonstrated the attach-
ment of AuNPs to the Fc-PEI modified gold substrate for
one bilayer. It is apparent that the nanoparticles are
adsorbed as isolated particles. A homogeneous distribution
of assembly with an average diameter of 15 nm was
observed on the substrate. Figure 1B presented a uniform
and closely packed multilayer film. The strong interaction
such as electrostatic forces may be responsible for the
uniformity of the multilayer films. The average film thick-
nesses for one and three bilayers estimated using AFM are
5.28 and 11.8 nm, respectively. There is a high surface
density of AuNPs distribution on the surface after three
LBL procedures. The increased surface density upon
stepwise assembly demonstrates the anchoring of AuNPs
to Fc-PEI multilayer at the nanoscale level [34].
Figure 2 shows the absorption spectra of the multilayer
films.Theassembly exhibited amajorUV-visible absorption
band attributed to the surface plasma resonance absorption
band of AuNPs. The surface plasmon band of the colloidal
AuNPs exhibited a maximum at 522 nm. When Fc-PEI and
AuNPs were LBL assembled onto ITO electrode, the
maximumabsorbancewavelengths of the assembledAuNPs
ranged from 547 to 585 nm. Such changes in the absorption
band are attributed to the change in dielectric environment
due to the interaction with Fc-PEI [35, 36]. Absorbance of
the multilayer film at 580 nm increased linearly with the
number of bilayers [37, 38]. The result demonstrates that
each assembly deposits approximately the same amount of
nanoparticles and uniform assemblies are constructed.
3.2. Electrochemical Impedance Spectroscopy and Cyclic
Voltammetry Characterization of Multilayer
Assembly
Impedance change of the electrode surface during LBL
assembly process is investigated using electrochemical
impedance spectroscopy. The electrochemical impedance
experiment was carried out with frequencies ranging from
100 kHz to 0.1 Hz.Higher frequencies in impedance spectra
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are related to electron transfer limited process, and semi-
circle diameters in higher frequency range correspond to
electron transfer resistance at the electrode surface. Figure 3
showed that the electron transfer resistance increased with
increasing number of bilayers, indicating the repulsive
interaction between negatively charged AuNPs molecule
and Fe(CN)6
3/4 probe. The electron transfer resistance
values showed a nearly linear increase with number of
bilayers, suggesting a uniform growth of themultilayer films
in the assembling process [39]. This indicates that the
adsorption amount of the assemblies can be controlled
simply by varying the number of bilayers.
Cyclic voltammetry is a powerful tool to investigate LBL
growing of electroactive species. Figure 4 shows cyclic
voltammograms of the multilayer film modified gold
electrode. The cyclic voltammograms showed reversible
and symmetric peak shapes with the formal potential
centered at about 0.373 V, corresponding to the redox
processes of Fc. The oxidation-reduction peak separation
was 36 mV, and the oxidation peak currents were directly
proportional to the scan rate, characteristic of thin layer
electrochemical behavior [40]. The peak currentwas slightly
higher when the outermost surface was modified with Fc-
PEI instead of AuNPs, as the electroactive property of LBL
film was often influenced by the polarity of the electric
charges on the outermost surface of the film [26, 41]. In
addition, the peak current for the redox process increased
linearly with the increased number of layers, suggesting that
successive assembly led to an almost equal amount of redox
active Fc-PEI adsorbed in each deposition cycle. The
Fig. 1. Typical AFM images of (AuNPs/Fc-PEI)1 film (A) and (AuNPs/Fc-PEI)3 multilayer films (B) on gold substrate.
Fig. 2. UV-visible absorption spectra of (AuNPs/Fc-PEI)n multi-
layer films on PDDA/PSS modified ITO electrode. Insert:
dependence of the absorbance at l¼ 580 nm on the layer number
(n ¼ 1, 2, 3...12).
Fig. 3. Nyquist plots of (AuNPs/Fc-PEI)n modified electrode.
Curves a – e correspond to layer number 1 – 5, respectively.
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electron transfer between Fc on surface of multilayer film
and the electrode may be attributed to two possible
mechanisms. According to film thickness obtained by
AFM, the average film thickness is at least 5.28 nm. As the
distance between electrode and Fc of outer layermay be too
long for an electron to tunnel, the electron transfer mainly
involves hopping through the AuNPs besides direct tunnel-
ing [23]. This implies that the most significant factor in
electron transfer in this multilayer film is not tunneling
through gold nanoparticles but rather electron transfer
between redox species. It is supposed that the redox active
Fc is electrically connected to each other due to the good
permeability of the LBL film, and it is suggested that the
adjacent redox groups of Fc-PEI communicate electrons
through electron-hopping mechanism [12].
3.3. Tunable Electrocatalytic Behavior of Multilayer Films
Toward Ascorbic Acid and Oxygen
The electrocatalytic properties of the multilayer film are
investigated by cyclic voltammetry taking ascorbic acid and
oxygen as examples. Cyclic voltammetry of the multilayer
films are characterized in 3 mMascorbic acid taking Fc-PEI
and AuNPs as outer layer, respectively. When taking the
outer layer as Fc-PEI instead of AuNPs, oxidation currents
increased and anodic peak potential negatively shifted. The
films of Fc-PEI and Fc-PEI/(AuNPs/Fc-PEI)1 showed high-
er electrocatalytic efficiency than the films of (AuNPs/Fc-
PEI)1 and (AuNPs/Fc-PEI)2, respectively. In addition, film
of (AuNPs/Fc-PEI)2 exhibited higher electrocatalytic effi-
ciency than film of (AuNPs/Fc-PEI)1. The comparison
indicated that the layer of Fc-PEI was vital to facilitate
oxidation of ascorbic acid. The layer of AuNPs did not
essentially promote the electrocatalysis of ascorbic acid but
playedadditional role and allowedelectron transfer through
electron-hopping process in the experiment [12]. Figure 5
displays cyclic voltammetry at bare electrode, MPS modi-
fied electrode, and different number of bilayer modified
electrode (Fc-PEI as outer layer) in ascorbic acid solution.
The response of ascorbic acid recorded at theMPSmodified
electrode was weaker than that at the bare electrode,
because oxidation of ascorbic acid was inhibited on gold
surface modified by sulfonated thiol. The oxidation current
increased and anodic peak potential negatively shifted with
increased number of bilayers, suggesting higher electro-
catalytic efficiency for ascorbic acid. The result indicates
that electrocatalytic property of the multilayer film is
controllable. Compared with those for bare gold electrode,
the anodic peak potential negatively shifted about 240 mV
andoxidation current doubled forFc-PEI/(AuNPs/Fc-PEI)5
modified electrode. When the number of bilayers was more
than six, the oxidation current increased very slowly
probably because of charge neutralization of the layers.
Distinct oxidation peak was even kept for higher concen-
tration of ascorbic acid at the multilayer film modified
electrode under continuous measurement, while at bare
gold electrode the oxidation peak distorted after only
several measurement (Fig. 6). The peak potential for the
oxidation of ascorbic acid at concentrations higher than
25 mM is nearly overlapping to that of the oxidation
potential on the bare electrode. Probably the oxidation
current for high concentrations of ascorbic acid is the sumof
catalytic and direct oxidation currents because a part of
ascorbic acidmay permeate the film and is oxidized directly.
A linear relationship between oxidation current and con-
centration of ascorbic acid was obtained from 1 to 30 mM
(sensitivity: 2.96 mA/mM, correlation coefficient: 0.999).
The detection range was wider than the result obtained at
ferrocene-appended poly(allylamine hydrochloride)/poly-
(potassiumvinylsulfate)multilayer filmmodified electrodes
[42]. The electrocatalytic response of themodified electrode
for ascorbic acid was also investigated by amperometric
method under stirring (Inset of Fig. 6). The amperometric
Fig. 4. Cyclic voltammograms for (AuNPs/Fc-PEI)n multilayer
films immersed in pH 7.0 PBS containing 0.1 M NaCl (n¼ 0, 2, 4,
6, 8, 10) at 0.1 V/s. Inset: anodic peak current as a function of the
number of bilayers.
Fig. 5. Cyclic voltammetry at bare gold electrode (dashed line,
a), MPS modified electrode (solid line, b), Fc-PEI/(AuNPs/Fc-
PEI)1 (dotted line, c), Fc-PEI/(AuNPs/Fc-PEI)2 (dash dotted line,
d), Fc-PEI/(AuNPs/Fc-PEI)3 (dash dot dotted line, e), and Fc-
PEI/(AuNPs/Fc-PEI)5 (short dashed, f) modified electrodes in
3 mM ascorbic acid solution. Scan rate: 0.05 V/s.
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response of Fc-PEI/(AuNPs/Fc-PEI)3 modified electrode
was linear with the concentration over the range 10 to
100 mM ascorbic acid with a sensitivity of 0.014 mA/mM.
Cyclic voltammograms for the reduction of oxygen
performed with the multilayer films are presented in
Figure 7. The cathodic currents increased linearly with
square root of scan rate, implying a diffusion-controlled
process (Fig. 7A). Figure 7B showed that the cathodic
potential positively shifted and the cathodic current in-
creased with increased number of bilayers, indicating that
the electrocatalytic efficiency is enhanced with stepwise
assembly. In order to study electrocatalytic response to
oxygen, Fc-PEI and AuNPs were taken as outer layer
separately. Cyclic voltammetry of oxygen reduction is
investigated at Fc-PEI, (AuNPs/Fc-PEI)1), Fc-PEI/
(AuNPs/Fc-PEI)1, (Fc-PEI/AuNPs)2, and Fc-PEI/(AuNPs/
Fc-PEI)2 modified electrode in 0.5 M H2SO4. When intro-
ducing a layer of AuNPs onto films of Fc-PEI and Fc-PEI/
(AuNPs/Fc-PEI)1 to obtain films of (AuNPs/Fc-PEI)1 and
(Fc-PEI/AuNPs)2, respectively, the cathodic current in-
creased greatly and cathodic potential positively shifted,
suggesting a higher electrocatalytic efficiency with AuNPs
as outer layer. However, when taking the outer layer as Fc-
PEI instead of AuNPs, the obtained films of Fc-PEI/
(AuNPs/Fc-PEI)1 and Fc-PEI/(AuNPs/Fc-PEI)2 showed
no improved electrocatalytic behavior compared with films
of (AuNPs/Fc-PEI)1 and (AuNPs/Fc-PEI)2, respectively.
Such controlled experiment showed that AuNPs played
major role in catalytic ability for reduction of oxygen. The
positive effect of gold nanoparticles on oxygen reduction is
also found by others [43, 44]. Probable mechanism is shown
in Scheme 1. This scheme is a simplified possible pathway
for oxygen reduction, as oxygen reduction involves many
intermediates and multielectron reactions [45]. Electro-
catalytic response of the multilayer films showed that both
oxygen reduction and ascorbic acid oxidation were depen-
dent on the amount of assembly components in the films.
The multilayer films exhibited fine-tunable electrocatalytic
properties by simply adjusting deposition cycles in the LBL
process.
4. Conclusions
Multifunctional film incorporatingAuNPsandelectroactive
polyelectrolyte Fc-PEI is prepared using LBL electrostatic
self-assembly. Various techniques have been utilized to
characterize the assembly and electrochemical properties of
multilayer films. The results show that the growth of
assemblies is uniform and AuNPs can efficiently tunnel
Fig. 6. Continuous determination of ascorbic acid at Fc-PEI/
(AuNPs/Fc-PEI)3 modified electrode by cyclic voltammetry. From
bottom to top: 1, 2, 3, 4, 5...20, 25, 30 mM ascorbic acid. Insert (A)
shows cyclic voltammograms of 1, 2, 3, 5, 7, 8 mM ascorbic acid at
bare gold electrode. Scan rate: 0.1 V/s. Inset (B) shows ampero-
metric response of Fc-PEI/(AuNPs/Fc-PEI)3 modified electrode
at 0.35 V with successive injection of 10 mM ascorbic acid under
stirring.
Fig. 7. (A) Cyclic voltammograms of oxygen reduction at (AuNPs/Fc-PEI)3 multilayer films with different scan rates: 0.03, 0.04, 0.05,
0.06, 0.08, 0.1, 0.12, and 0.15 V/s in 0.5 M H2SO4. (B) Cyclic voltammograms of oxygen reduction at (AuNPs/Fc-PEI)n modified electrode
in 0.5 M H2SO4 (n¼ 1, 2, 3, 4, 5). Scan rate: 0.05 V/s.
Scheme 1. Illustration of possible reduction pathways of O2.
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electrons within the film. The multilayer films exhibit
tunable electrocatalytic response toward oxidation of
ascorbic acid and reduction of oxygen. The detection of
ascorbic acid had a wider linear range and showed more
stable response at multilayer film modified electrode. This
functional nanostructure is promising to anchor enzyme for
biosensor fabrication and act as substrate to study catalysis
process. Furthermore, the electrocatalytic responses of this
multilayer film depend on the amount of assembly compo-
nents in the films or deposition cycles of LBL assembly,
suggesting a very simple and controllable way to prepare
films with tunable and desired electrocatalytic activity.
Considering the simplicity, long-term stability, and versatil-
ity of this method for composite preparation, such kind of
multilayer film is very attractive for multi-functional
application.
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